Context: Thyroglobulin autoantibodies (TgAb) have been proposed as a surrogate marker of thyroglobulin in the follow-up of differentiated thyroid carcinoma. Commercially available TgAb assays are often discordant. We investigated the causes of discrepancy.
Serum TgAb are relevant to the management of DTC patients (10 -12) because they interfere with the assays that measure serum Tg (13) , which is the marker used in postsurgical follow-up of these patients. Indeed, TgAb measurement is mandatory in all specimens requiring Tg testing (11) (12) (13) (14) . Serial measurements of TgAb have been proposed as a surrogate marker of Tg (11, 12, 14, 15) and changes of TgAb concentrations as a prognostic factor (16) for the follow-up of DTC patients. However, the degree of correlation of commercially available TgAb assays is low (7, (17) (18) (19) (20) (21) , and therefore TgAb assays are not interchangeable.
We have recently shown that, in patients with papillary thyroid carcinoma, TgAb are usually associated with lymphocytic thyroiditis on histology (PTC-T), whereas they are rare in its absence (PTC) (22) . We measured TgAb by three noncompetitive immunometric assays (IMA) and three competitive RIA. The percentage of positive TgAb was higher by IMA than RIA and, among patients with undetectable Tg, TgAb were more frequently positive by IMA than RIA. In the present study, we compare the results of these TgAb assays, and we investigate the reasons for their differences.
Patients and Methods

Study group
Sera from 72 PTC-T, 105 PTC, and 160 HT patients (positive controls) and 150 NS (negative controls) were consecutively collected at the Thyroid Clinic of the Department of Endocrinology, University Hospital of Pisa, Italy, from 2007 to 2009. The study was approved by the institutional review board of the Department of Endocrinology. Subjects gave their consent for phlebotomy.
Their ages (median, 25th-75th percentiles) were 44.5 (36.5-51.0), 48.0 (38.0 -56.5), 48.0 (37.5-57.0), and 42.0 (34.0 -53.0) yr for PTC-T, PTC, and HT patients and NS, respectively. The female:male ratios were 6.2:1, 2.3:1, 6.0:1, and 3.2:1 for PTC-T, PTC, and HT patients and NS.
The diagnosis of PTC-T and PTC was based on the histological specimens taken at the time of total thyroidectomy. Lymphocytes were detected with a monoclonal antibody (CD45; Ventana Medical Systems, Inc., Tucson, AZ) and counted at ϫ40 magnification. An associated lymphocytic thyroiditis was diagnosed when more than 10 lymphocytes per field were detected and when oxyphilic transformation and secondary follicles were present in the extratumoral tissue (PTC-T patients). Lymphocytic thyroiditis was ruled out when lymphocytic infiltration was absent (Ͻ10 lymphocytes per field) (PTC patients). Sera were collected when patients underwent thyroid remnant ablation with 131 I, off L-T 4 therapy, about 3 months after total thyroidectomy.
Sera from HT patients and NS were checked for free T 4 (FT4), free T 3 (FT3), TSH, and thyroperoxidase autoantibodies (TPOAb), and all subjects had a neck ultrasound. HT was diagnosed in the presence of elevated serum TPOAb, hypothyroidism (TSH Ͼ3.7 U/ml), and a hypoecogenic pattern at thyroid ultrasound. NS had negative TPOAb, normal thyroid hormones, and TSH values and a normoechogenic pattern at thyroid ultrasound.
FT4, FT3, TSH, and TPOAb assays
FT4 and FT3 were measured by Free T 4 and Free T 3 reagent packs (Ortho-clinical Diagnostics Inc., Rochester, NY) (normal values, 7.0 -17.0 and 2.7-5.7 pg/ml, respectively). TSH was determined by Immulite 2000 (Euro/DPC, Gwynedd, UK) (normal values, 0.4 -3.6 U/ml) and TPOAb by AIA-Pack 2000 TPOAb (Tosoh Corporation, Tokyo, Japan) (cutoff, Ͼ10 IU/ml).
Neck ultrasound
Neck ultrasound was performed by Technos (Esaote Biomedica, Genova, Italy), with a 7.5-MHz linear transducer. 
TgAb assays
TgAb-Fab expression
Cloning and characterization of human recombinant monoclonal TgAb expressed as Fab has been previously reported (23, 24) . Four TgAb-Fab corresponding to different epitope regions [no. 37 (region A), no. 26 (region B), no. 6 (region C), and no. 32 (region D)] (24) were employed in the present study. TgAb-Fab were expressed in bacteria, and their binding to Tg was assessed by ELISA. All four TgAb-Fab were expressed at similar levels (OD, ϳ2.0).
TgAb epitope pattern
The epitope pattern of 87 (37 PTC-T, 10 PTC, and 40 HT) sera was evaluated by inhibiting serum TgAb binding to Tg by each single TgAb-Fab in ELISA, as previously reported (2, 24, 25) . In preliminary experiments to determine the most appropriate serum dilution for epitope analysis, wells coated with human Tg (Calbiochem, San Diego, CA) (4 g/ml at 4 C overnight) were incubated with serial dilutions of sera (1:100 to 1:1000 
Measurement of TgAb-Fab in RIA
Twenty microliters of conditioned medium of each TgAb-Fab (diluted in normal human serum to obtain similar results in the ELISA TgAb assay) were measured in the three RIA. The samples were incubated and developed according to the manufacturers' instructions.
TgAb serum international standard
TgAb serum IRP (International Reference Preparation) (NIBSC 65/093) was purchased from the National Institute for Biological Standards and Control (Hertfordshire, UK). IRP (neat and diluted 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 1:256) was incubated in the six assays, and the reaction was developed according to the assay instructions.
Statistical analysis
Bivariate correlations among TgAb kits were assessed by Spearman's rank correlation for non-normally distributed variables.
TgAb results of all six assays were analyzed by the principal component analysis (PCA) based on data correlation matrix to identify groups of highly correlated and concordant TgAb assays (26) . PCA is a nonparametric multivariate technique that seeks the best linear combinations of variables [called principal components (PCs)] that explain most of the data variance. PCs are uncorrelated to each other and are ranked in a decreased order of explained variance (PC eigenvalue). The Kaiser's criterion (retaining only eigenvalues Ͼ1) was employed to identify the number of significant PCs (the latent assays). The contribution of each TgAb assay to the latent assays was quantified by their correlation matrix (PCA loadings matrix). The varimax rotation (27) was applied to improve the clinical interpretation of latent assays in terms of original TgAb assays.
Inhibition by TgAb-Fab in discordant and concordant sera was compared using the Mann-Whitney U test for unpaired data. Statistical significance was considered for P values Ͻ0.05. Data are presented as median and 25th-75th percentiles; Spearman's correlation indexes (Rho) are reported along with their 95% confidence interval.
Results
Proportion of positive TgAb and TgAb concentrations
Of 72 PTC-T patients, 30 (41.7%) were negative in all assays, four (5.6%) were positive in one, four (5.6%) in were negative in all assays, six (4.0%) were positive in one, one (0.8%) in two, one (0.8%) in three, one (0.8%) in four, none (0%) in five, and one (0.8%) in six assays (Fig. 1A) . Overall, 37.5% of PTC-T and 46.2% of HT were positive in one to five assays. The highest TgAb concentrations were observed in HT, followed by PTC-T, and the lowest in PTC and NS (Fig.  1B) . Because of their extremely high levels in all six assays, six sera (five HT and one PTC-T) were excluded from the subsequent statistical analysis.
Comparison of TgAb concentrations
The correlations of the six assays in the four groups of subjects were extremely variable, depending upon TgAb methodology and the clinical diagnosis (Fig. 2 ). They were significant in all cases, with the exception of IMA 2 compared with RIA 1 in PTC and NS (P Ͼ 0.05). Correlations were higher and significant when the three IMA were compared to each other (0.21 Ͻ Rho Ͻ 0.89). Similar levels of correlations were observed when the three RIA were com- 
The latent assays
To get more insight into the correspondence among the six assays, we applied PCA with varimax rotation to TgAb results. Two significantly uncorrelated components (latent assays), which explained 40 and 37% of the total variance of the six assays, respectively, were identified by the Kaiser criterion. The first latent assay included IMA 1 (PCA loading value ϭ 0.83), IMA 2 (0.90), and IMA 3 (0.87); the second included RIA 1 (0.73), RIA 2 (0.89), and RIA 3 (0.92) (Fig. 3) .
Comparison of the epitope pattern of concordant and discordant sera
The 87 sera evaluated for their epitope pattern were subdivided into two groups, according to the results obtained by the six TgAb assays: positive in six assays (concordant sera) (n ϭ 54); and positive in one to five assays (discordant sera) (n ϭ 33) (Fig. 4) .
Inhibition by region A TgAb-Fab was similar in concordant (49.5%, 36.0 -60.5%) and discordant (53.5%, 31.6 -69.0%) sera. Results of inhibition by region D TgAb-Fab were also similar in concordant (8.5%, 1.7-30.0%) and discordant (10.0%, 1.0 -28.9%) sera. Conversely, inhibition by region B TgAb-Fab was significantly higher in concordant (27.0%, 16.5-36.7%) than in discordant (6.0%, 1.0 -17.8%) sera (P Ͻ 0.001). Similarly, inhibition by region C TgAb-Fab was higher in concordant (30.5%, 18.0 -42.0%) than in discordant (4.0%, 1.0 -9.3%) sera (P Ͻ 0.001).
Monoclonal TgAb-Fab in RIA
The results of measurement of region A TgAb-Fab were similar in RIA 1 (205 IU/ml) and RIA 2 (207 IU/ml) and slightly higher in RIA 3 (435 IU/ml) (Fig. 5) . The results were slightly different for region B TgAb-Fab: 277 IU/ml in RIA 1, 1096 IU/ml in RIA 2, and 1624 IU/ml in RIA 3. The figures for region C TgAb-Fab were 154 IU/ml (RIA 1), 349 IU/ml (RIA 2) and 434 IU/ml (RIA 3). Region D TgAb-Fab was undetectable in all three assays.
TgAb IRP in the six TgAb assays
TgAb IRP was measured in the six assays in two sets of experiments performed in 2007 and 2009 (Fig. 6) 
Discussion
After their identification in HT, serum TgAb became a marker of thyroid autoimmunity, to be shortly thereafter overcome by serum TPOAb, which proved to be more sensitive for the diagnosis of AITD. However, when AITD is suspected despite negative TPOAb, TgAb are still useful for AITD diagnosis (1) . TgAb are also present in 7.5-25% of DTC patients (3) (4) (5) (6) (7) (8) , as well as in nodular goiter (28) and NS (9) . The relationship between DTC and HT is still uncertain (5, 29 -34) .
The presence of serum TgAb in papillary thyroid carcinoma is clinically relevant. The guidelines on DTC state that TSH-stimulated Tg testing is sensitive enough to be used alone in the follow-up of DCT patients (who are TgAb negative) after total or near-total thyroidectomy and thyroid remnant ablation with 131 I, particularly in those at low risk, who are the majority of patients (10 -12, 35, 36) . However, Tg measurement is hampered by coexistent TgAb, and therefore measurement of TgAb is mandatory on all specimens requiring Tg testing (10 -14, 33, 37, 38) . All attempts to overcome the interference of serum TgAb on Tg measurement have been unsuccessful (6, 13, 14) . DTC patients with undetectable Tg and coexistent serum TgAb remain a challenge because of the uncertainty of their clinical condition. A recent guideline states that no evidence-based suggestion can be proposed in this group of patients (12), whereas another recommends periodical diagnostic 131 I whole body scan and neck ultrasound (11) .
We have shown that, in patients with DTC and associated thyroid autoimmunity, total thyroid ablation is required to attain the disappearance of serum TgAb, TPOAb, and TSH-receptor autoantibodies (8) . In addition, changes of TgAb concentrations have been correlated with the course of DTC: increasing or stationary TgAb values with the persistence of thyroid tumor, de- creasing TgAb values with its reduction (3, 4) . Moreover, changes of TgAb have been shown to be a prognostic factor for DTC (16) . Based on these findings, serial TgAb measurements have been proposed as a surrogate for Tg measurements in the postsurgical follow-up of DTC patients (11, 12, 14, 15, 33) . However, reliability of TgAb measurement is greatly hampered by the low degree of correlation of commercially available TgAb assays (7, 17-21, 39, 40) . Indeed, it is recommended to use the same TgAb assay during the follow-up of a single DTC patient and, when a new TgAb method is introduced, to measure an old specimen of the patient with the old and the new methods in order to establish the ratio between the two methods and to re-baseline TgAb concentrations (13) . Nevertheless, it has been recently confirmed that the degree of correlation of TgAb assays is low and that the conversion of results of different methods is often unreliable (21) . Discrepancy of TgAb assays lessens the consistency of serial TgAb measurements. TgAb can be measured by direct, noncompetitive, and competitive assays. They employ different detection tools: immunoenzymatic, radioimmunometric, immunochemiluminescent, and immunofluorescent. Several causes of discrepancy of TgAb assays have been proposed (14), but not extensively investigated in commercial TgAb assays. In evaluating patients with papillary thyroid carcinoma after total thyroidectomy and before thyroid remnant ablation (who are expected to have detectable Tg), we have recently reported that the proportion of undetectable Tg was higher and Tg levels were lower in PTC-T than in PTC (22) . The percentage of positive TgAb, as evaluated by six TgAb assays (three noncompetitive IMA and three competitive RIA), was significantly higher in PTC-T (29.2-50.0%) than in PTC patients (1.9 -6.7%). Among patients with undetectable Tg, TgAb were more frequently positive by IMA (57.1-63.3%) than RIA (30.6 -42.9%).
In the present study, we compare the results of the six TgAb assays and investigate the reasons for their differences.
The finding that 37.5% of PTC-T and 46.2% of HT were positive in one to five assays highlights the partial correlation of the six assays. TgAb concentrations were higher in HT and PTC-T, whereas TgAb were negative in most PTC patients and NS. In comparing TgAb concentrations from the six assays performed on the four subject groups, the values of correlation were extremely variable (Ϫ0.01 Ͻ Rho Ͻ 0.93) and nonsignificant in two cases. Two factors influenced the level of correlation: the methodology of the assay and the underlying clinical condition; the correlations were higher when assays of the same methodology (noncompetitive IMA or competitive RIA) were compared to each other and were greater in PTC-T and HT than PTC and NS.
In the second part of our study, we investigated the causes of discrepancy of the TgAb results.
Our first aim was to confirm that methodology (noncompetitive IMA or competitive RIA) is relevant for discrepancy of TgAb assays. Indeed, PCA revealed two uncorrelated components (latent assays) explaining 40 and 37%, respectively, of the variance of the results of the six assays. The first latent assay included the three IMA, and the second included the three RIA. This evidence confirmed that methodology plays a relevant role in discrepancy of TgAb assays.
Second, we investigated whether the intrinsic characteristics of heterogeneous, polyclonal TgAb populations contribute to discrepancy. We hypothesized that TgAb with a more heterogeneous epitope pattern yielded more discrepant results. To confirm this hypothesis, we compared the epitope pattern evaluated by inhibition of TgAb binding to Tg by human monoclonal TgAb-Fab regions A, B, C, and D (24) in PTC-T, PTC, and HT sera that were positive in all six assays (concordant sera) and positive in one to five assays (discordant sera). These TgAb-Fab rec- ognize four different, partially overlapping Tg regions (24, 25) . Epitope A, which is the main component of the immunodominant region on Tg of TgAb from both AITD (including PTC-T) and non-AITD (including PTC) (25) , was preferentially and equally recognized by concordant and discordant sera. At variance, concordant sera recognized epitopes B and C at a higher level than discordant sera. This finding indicates that discordant sera recognize other epitopes in addition to those identified by regions TgAb-Fab A, B, C, and D. We have previously reported that the epitope pattern of TgAb from AITD is restricted to regions A-D, whereas that of TgAb from non-AITD is also directed toward other epitopes (25) . Therefore, the results of TgAb from PTC-T are less discrepant than those from PTC because their epitope pattern is more restricted.
Third, we evaluated the role of different Tg and TgAb preparations in the discrepancy of TgAb assays. To investigate this issue, we incubated TgAb-Fab identifying regions A, B, C, and D in TgAb assays. These experiments were feasible in the three RIA, but not in the three IMA. The three TgAb RIA employ human Tg and different TgAb: human monoclonal TgAb (RIA 1), human polyclonal TgAb (RIA 2), and murine monoclonal TgAb (RIA 3). The results were similar for region A TgAb-Fab (the immunodominant region in both AITD and non-AITD), and slightly different for TgAb-Fab regions B and C, which were higher in RIA 3. The pattern of recognition of the four monoclonal TgAb-Fab was overall comparable in the three RIA. According to these results, differences of Tg and TgAb do not play a relevant role in the discrepancy of TgAb assays. This finding, although theoretically unexpected, is in agreement with the high correlation of the three RIA.
Fourth, we investigated the standardization of TgAb assays. The internal standards of TgAb assays are related to TgAb IRP (NIBSC 65/093), which was established in the 1960s. We therefore measured TgAb IRP in the six assays. The results obtained in 2009 were fully satisfactory in four assays and partially in two assays, which underestimated IRP. In addition, to evaluate the consistency of the internal standards over time, we had already measured TgAb IRP in 2007 when we started our study. Comparing the experiments of 2007 with those of 2009, the results were adequate in four of six assays, whereas one assay showed higher values and another showed lower values. Thus, although it is not a matter of concern in most TgAb assays, the suboptimal correlation of the internal standard with TgAb IRP and its variations over time can be relevant in some assays. Differences in serial results of TgAb measured by the same assay due to changes of internal standardization induce a false modification of TgAb concentrations that can lead the clinician to an erroneous judgment of the clinical condition of the patient.
Our data confirm that TgAb results are discordant. In patients with DTC and associated lymphocytic thyroiditis, when Tg is unexpectedly undetectable (22) , TgAb should be checked by a second assay when one is negative. Detection of serum TgAb was introduced as a diagnostic tool for AITD, and TgAb IRP was prepared in the 1960s from a pool of human plasma samples containing TgAb (41) . It must be noted that some sera in our series showed TgAb values that were far higher than the concentration we measured in TgAb IRP.
According to the present data, differences of Tg and TgAb preparations do not play a relevant role in the discrepancy of RIA assays. However, we have previously shown a slightly higher percentage of positive TgAb in PTC-T, PTC, and HT by RIA 3 compared with RIA 1 and RIA 2 (22) . In addition, the results of measurements of TgAb-Fab regions B and C were slightly higher in RIA 3 than in RIA 1 and RIA 2. Therefore the use of a murine monoclonal TgAb (RIA 3), which binds a Tg epitope that is likely different from those of human serum TgAb, seems to confer an advantage in comparison with human monoclonal (RIA 1) and polyclonal (RIA 2) TgAb, which share epitope(s) with serum TgAb and therefore can prevent their binding to Tg.
The characteristics of the large (660 kDa) Tg glycoprotein used for TgAb binding are crucial. Data about the source and qualities of Tg employed for TgAb assays are scarce. Tg is likely of nontumoral origin. It is known that Tg derived from the thyroids of patients with AITD differs from that obtained from patients with non-AITD (42) and that Tg is particularly heterogeneous in patients with DTC (9) . The concordance of the results of the three IMA and those of the three RIA as well as the reproducibility over time of the measurement of TgAb IRP in the majority of the assays seems to indicate that the source of Tg preparations does not influence significantly the results of the assays. The patients included in the present study were evaluated a few months after total thyroidectomy. Whether changes of Tg during the follow-up of DTC patients influence the characteristics of TgAb and in particular their epitope pattern is an issue that deserves to be investigated.
In conclusion, we compared the results of six commercial TgAb assays, that employ two different methodologies (noncompetitive IMA and competitive RIA) in patients with PTC-T, PTC, and HT and in NS. The two most relevant causes of discrepancy were the TgAb assay methodology and the underlying disease. According to the present data, when replacing a TgAb assay during the follow-up of a DTC patient, to obtain more concordant results it is advisable to choose another with a similar methodology. TgAb of PTC-T patients yield similar results in different assays because their epitope pattern is restricted. On the other hand, TgAb of PTC are heterogeneous and yield discrepant results. Obviously, the heterogeneous epitope pattern of TgAb is an intrinsic and nonmodifiable cause of discrepancy. Fortunately, this is not a relevant issue because TgAb are common in PTC-T and rare in PTC (22) . Differences of Tg and TgAb preparations used by different TgAb assays do not seem to contribute significantly to the discrepancy of the results. The internal standardization of TgAb is generally, but not completely, satisfactory. The imperfect standardization contributes to the discrepancy of different assays and lessens the reliability of TgAb measured by the same assay over time. A constant and careful assessment of the internal standard by TgAb assay manufacturers remains therefore pivotal to guarantee reliability of serial TgAb measurements.
